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The histological patterns found in a Variety
of blistering diseases have become the basis for
diagnostic classification of many of these dis-
eases and have also provided data from which
hypotheses concerning pathogenic mechanisms
can be proposed. To supplement the informa-
tion gained from the study of natural diseases,
experimental blisters have been produced by a
variety of agents permitting controlled manip-
ulation of conditions. Observations made on
these blisters can be analyzed not only in terms
of how they might be related to the natural
blistering diseases but also in terms of the gen-
eral problem of the reaction of tissue to injury.
Electron microscopic studies of blistering
diseases by several investigators (1—11) has f o-
cused attention on events of the various patho-
logic processes at a level of resolution not pos-
sible by light microscopy.
The present study is part of a project in-
volving electron microscopic and chemical
study of blisters produced by a variety of
agents. Because of the potentially large number
of different agents to be used, guinea pig skin
was selected for the initial experiments in
order to provide a standard readily available
substrate and to avoid the risk of using poten-
tially dangerous materials in human volun-
teers. Selected agents which carry no risk to
humans will be tested in volunteers in subse-
quent investigations.
In this paper we present observations on
blisters induced with papain, although pre-
liminary observations have also been made on
lesions induced by trypsin and collagenase. In-
terest in enzyme induced vesiculation stems
from the implication of enzymatic action in a
number of blistering processes (12, 13).
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The fine structure of papain induced dermal-
epidermal separation and acantholysis will be de-
scribed and discussed with reference to current
knowledge concerning blistering diseases.
MATERIAL5 AND METHODS
2X crystallized papain (Worthington Chemical
Company) in 0.05 M sodium acetate was suspended
in isotonic phosphate buffer, pH 7.4 by dialysis.
No activator agents were added. The enzyme was
injected intracutaneously into guinea pigs in con-
centrations of 02 to 2.0%. Punch biopsy speci-
mens were taken from one to 20 minutes after in-
jecting the enzyme. The tissue was fixed in 2.0%
osmium tetraoxide buffered with s-collidine (14)
and embedded in Epon (15). Thin sections were
stained with methanolic uranyl acetate (16) and
lead citrate (17) and examined with a Siemens
Elmiskop I operated at 80 Ky. Formalin fixed
specimens for light microscopy were processed by
routine methods.
RESULTS
Grossly visible blisters formed as early as
one minute after the intracutaneous injection
of papain. All concentrations produced this ef-
fect. Microscopic examination of specimens
removed at one minute after the injection of
papain revealed dermal-epidermal separation.
Acantholysis was seen in all specimens re-
moved ten minutes or more after the injection
of the papain; in one instance acanthnlysis
was observed in a specimen obtained three
minutes after the injection of papain.
Control biopsy specimens of sites injected
with phosphate buffer, pH 7.4, showed essen-
tially normal skin when examined with both
light and electron microscopes. There was no
evidence of dermal-epidermal separation or
acantholysis in these control specimens.
An electron micrograph of the normal der-
mal-epidermal junction is included for the sake
of orientation (Fig. 1) . The junction is com-
t Brcathnach has recently reviewed the fine
structure of the dermal-epidermal junction (18)
in human skin, and several recent reports have
described particularly interesting new findings in
amphibian skin (19,20).
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Fm. 1. Dermal-epidermal region of normal guinea pig skin. Hemidesmosomes (lID)
and pinocytotic vesicles (V) are located along the basal cell plasma membrane (PM).
l4rithin the intermembrane "space" (IMS) and just subjacent to the hemidesmosomes are
thin dense plates (P). The basement membrane (BM) is parallel with the basal cell
plasma membrane and is thickened at points opposite the hemidesmosomes. Collagen
fibrils (C) are present in the dermis. Approximately 40,740 X.
posed of a number of colinear elements: the
plasma membrane of the basal cell or melano-
cyte, the basement membrane, and the zone be-
tween the plasma membrane and the basement
membrane, the intermembrane "space". Char-
acteristic of the basal cell plasma membrane at
the dermal-cpidermal junction are scattered
hemidcsmosomes and numerous vesicles which
perhaps have a micropinocytotic function. At
discrete intervals the intermembranc "space"
is traversed by fine filaments which appear to
bridge the plasma membrane and the basement
membrane. Within the intermembrane "space"
immediately subjacent to the plasma mem-
brane and precisely aligned with the hcmides-
mosomcs are thin dense plates. In close associa-
tion with the dermal aspect of the basement
membrane arc fine dcrmal filaments and larger
collagen fibrils. Some of these elements appear
to insert into the basement membrane.
I. Dermal-Epidermal Separation
Dcrmal-epidcrmal separation was more easily
studied in specimens which had been exposed
to papain for only a short period since, in
these specimens, cpidcrmal organization was
not greatly disturbed.
Light microscopic examination demonstrated
clean dcrmal-epidermal separation with an
intact cpidermal roof and few inflammatory
cells in the dermis, findings essentially identi-
cal with those of Miller and Stoughton (21).
With the electron microscope two major pat-
terns of dermal-epidcrmal separation were ob-
served. In one pattern the basement membrane
was associated with the dermis and in the
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Fm. 2. 0.3% papain, three minute biopsy. Region of dermal-epidermal separation. The
basement membrane (BM) is separated from both the basal cell plasma membranes and
the dermis. Cytoplasmic processes (P) extend from the basal cells; otherwise these cells
retain relatively normal structure. The dermis (D) is edematous. Approximately 12,800 X.
olhcr it remained associated with the basal
cells of the epidermis. Rarely an intact base-
ment membrane was noted to be free of both
dermis and epidermis (Fig. 2).
A. Basement membrane associated with the
dermis —In this pattern frank junctional sepa-
ration occurred in the plane of the intermem-
brane "space" (Figs. 3, 4). Morphologically the
basement membrane appeared intact, On the
epidermal side of the basement membrane
small discrete membrane-bound fragments of
cytoplasm were attached. The dermal side of
the basement membrane was in close associa-
tion with dermal filaments and collagen fibrils.
Between the basement membrane and the ba-
sal cells the blister cavity contained sparse
amounts of finely granular material, occasional
organelles .and membrane-bound cytoplasmic
fragments.
In this pattern of junctional separation the
basal cells and melanocytes often, but not in-
variably, showed evidence of damage. Injury
to the basal cells appeared to be more severe at
and near the origin of the blister (Fig. 4).
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FIG. 3. 0.2% papain, one minute biopsy. Region of dermal-epidermal separation. Clean
separation is present along the plane of the intermembrane "space" and hemidesmosomes(HD) can be seen on the plasma membrane of the mildly damaged basal cell on the right.
The cell on the left shows more extensive damage. Membrane bound cytoplasmic fragments
(CF) are located along the basement membrane (BM). Approximately 10,000 x.
S a.
.
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Fic. 4. 02% papain, one minute biopsy. Region of dermal-epidermal junction near blister
origin. The intact basement membrane (BM) is associated with the dermis and several
cytoplasmic fragments (CF) adhere to it. A presumed basal cell (BC) shows disruption of
the plasma membrane and loss of the cytoplasm of the lower portion of the cell. Note the
intact nucleus (N). Keratinocytes (K) above this cell are well preserved as is a melano-
cyte (M). Approximately 7500 X.
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FIG. 5. 02% papain, one minute biopsy. Region of dermal-epidermal junction slightly
away from the blister. The various elements of the junetlon retain their positional relatIon-
ships but there is a zone of tonofilament rarefaction just above the basal cell plasma mem-
brane (arrow). The dermis (D) appears edematous. Approximately 25,200 >(.
Damage to melanocytes was relatively less se-
vere.
A salient feature of basal cell damage was the
loss of plasma membrane integrity. Often this
was of sufficient magnitude so that wide ex-
panses of basal cell cytoplasm were continuous
with the blister cavity. Occasionally this type
of damage was so far advanced that basal cell
nuclei with attached nuclear membranes were
seen free in the blister cavity. Other features
of basal cell damage were tonofilament rarefac-
tion, decreased numbers of ribosomcs, mito-
chondrial swelbng, and membranous extrusions
of the nuclear membrane. The pattern of basal
cell damage appeared to exhibit polarity, be-
ing much greater in the areas of the basal cell
closest to the blister cavity.
A slight distance away from the blister ori-
gin the dcrmal-epidermal junction milder al-
terations were found (Fig. 5). These changes
consisted of discrete areas of tonofilament rare-
faction at the basal margin of the basal cell
leaving a clear zone of cytoplasm.
B. Basement membrane associated with the
epidermis—In the second pattern of dermal-
cpidermal separation observed the basement
membrane retained its close association with
the basal border of the epidermis and was sep-
arated from the dermis by the blister cavity
(Fig. 6).
The structural integrity of the basement
membrane was best maintained in blisters ex-
cised shortly after the injection of papain. In
blisters produced by more prolonged exposure
to the enzyme the basement membrane was
damaged. The dermis was edematous but there
was no notable alteration in the fine structure
of collagen fibrils.
In this pattern of junctional separation the
basal cells and melanocytes showed only mild
damage, consisting mainly of extrusions of cy-
toplasm into the blister cavity in areas where
there was a defect in the basement membrane
(Fig. 7). Mitochondrial swelling was also ap-
parent in some basal cells.
Both patterns of junctional separation oc-
curred with all concentrations of enzyme in-
jected. But with 2.0% papain additional find-
ings were noted (Fig. 8). The basement
membrane was very dense and bad a ragged
appearance. Occasional accumulatiens of highly
dense amorphons material were seen in the
blister cavity in areas where basal cell damage
had occurred. Possibly such dense material
represents damaged and aggregated tono-
filaments (Fig. 9). On rare occasions clusters of
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Fio. 6. 0.3% papain, three minute biopsy. Region of dermal-epidermal junction at
blister origin. The basement membrane (BM) retains its close association with the basal
eel! plasma membrane. The blister forms just beneath the basement membrane. The basal
cells (BC) retain apparently normal structure although there is some mitochondrial swelling
(arrows). Approximately 9000 X.
tbe dense material were seen within the basal vealed acantholysis and extensive cell damage
cell cytoplasm. Perinuclear vacuoles were also in some areas of the blister. Occasionally dis-
observed. ruption of the normal epidermal organization
extended up to the stratum corneum.
II. .4cantholysis By light microscopy scattered foci of acan-
Biopsy specimens of blisters induced by ex- tholysis as well as massive acantbolysis of vir-
posure to papain for ten minutes or more re- tually the entire epidermis was observed. In
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Fin. 7. 02% papain, ten minute biopsy. Region of dermal-epidermal separation. Basal
cell damage is mild and consists of an extension of rarefied cytoplasm into the blister
cavity (arrow). The basement membrane is not present although it was associated with
the basal cell plasma membrane elsewhere. Approximately 10,500 X.
some areas tbe aeantholysis was superimposed
on dermal-epidermal separation. These obser-
vations are similar to those reported by Miller
and Stoughton (21).
Electron microscopic examination of the
acantholytic process revealed that the normal
ultrastructural anatomy of the dermal-epider-
mal junction was altered (Fig. 10). The base-
ment membrane was frequently not present and
the dermis was edematous. The epidermal cells
were separated and showed varying degrees of
injury. In some cells the tonofilaments were
dense and aggregated while in others they re-
tained a fine filamentous appearance. In occa-
sional cpidermal cells, clear peripheral zones
of cytoplasm were apparent.
Some acantholytic cells showed only slight
injury (Fig. 11). They had a generally rounded
contour and the plasma membrane was intact.
Occasional membranous protrusions of cyto-
plasm were noted. The nucleus and organelles
were intact. Along the plasma membrane, at
s
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Fia. 8. 2.0% papain, one minute biopsy. Region of junctional separation near blister
origin. On the left the basement membrane (EM) is more dense and ragged than usual
and is associated with the basal cell membrane. The position of aggregated dense material(DM) suggests that it is a severely damaged basal cell which is continuous with milder
basal cell damage (arrow). Approximately 7500 X.
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Fie. 9. 2.0% papain, one minute biopsy. Region of basal cell damage. An accumulation
of dense material is present in the lower cell. Note that the desmosome areas are in-
volved (D). Elements of the upper cell are well preserved, including tonofilaments (TF).
The dense material is amorphous but tends to appear as oval to elongate clups. Approxi-
mately 16,500 X.
discrete intervals, were dense plates, the resi-
dues of injured desmosomes. At high magnifi-
cation these dense plates were seen to be in
close association with tonofilaments.
Varying degrees of desmosome damage were
observed.* The injury consisted of loss of the
parallel arrangement between the various corn-
* The fine structure of the normal desmosome
has recently been well studied (20, 22—24). A mi-
crograph of a normal desmosome has been in-
cluded for comparison with the injured desmo-
somes (Fig. 12).
ponents of the desmosome, widening of the cx-
tracellular space, and loss of both the central
dense disc and the extracellular matrix at the
desmosome site (Fig. 13a, 13b, 13c). A gradi-
ent of desmosomal damage was observed where
successive desmosomes showed increasingly se-
vere degrees of damage (Fig. 14). A frequent
observation was that only one half of the dam-
aged desmosome was present and the opposite
plasma membrane was devoid of a dense attach-
ment plaque (Fig. 14).
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Fie. 10. 0.2% papain, twenty minute biopsy. Group of acantholytic cells near dermis(D). The basement membrane is absent and the epidermal cells show varying degrees of
damage. Tonofilaments are aggregated and dense in some cells (arrow 1) and fine in
other cells (arrow 2). Occasional areas of peripheral cytoplasmic rarefaction are present (><).
Approximately 5000 X.
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Fic. 11. 0.2% papain, fifteen minute biopsy. Single, mildly damaged acantholytic cell.
The plasma membrane (PM) is intact and the various cell organelles and the nucleus
are well preserved. Several cytoplasmic processes (CP) extend from the cell margins.
Along the cell membrane are densities (D) which are the residues of damaged desmosomes.
Approximately 6750 X.
In certain areas of the blister the cells ap-
peared to have been lysed nnd cellular compo-
nents were scattered throughout the blister
cavity (Fig. 15). Some cells had areas of cyto-
plasm which were relatively well preserved
while the remainder of the cytoplasm was se-
verely damaged. In several instances nuclear
damage was observed, consisting of large low
density areas within the nucleus.
Acantholysis induced with 2.0% papain
was similar to that caused by the lower concen-
trations of the enzyme. One additional feature,
however, was that large quantities of highly
dense and less dense particulate material was
scattered throughout the blister cavity (Fig.
16). The dense material appeared to be identi-
cal with that observed in areas of junctional
separation caused by 2.0% papain.
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DISCUSSION
Previous investigators have shown that
papain, a potent proteolytie enzyme, has a
degradative effect on certain components of the
extracellular matrix. Thomas (25) has reported
the collapse of rabbit ears following the intra-
venous administration of papain and, using
histochemical technics, Spicer and Bryant (26)
have demonstrated that this is accompanied
by the loss of a protein-polysaceharide com-
ponent in the cartilage matrix. Sheldon and
Robinson (27) have investigated papain in-
duced collapse of rabbit ears with the electron
microscope and have observed the loss of an
elastic component and amorphous material nor-
mally present in the cartilage matrix. Using a
glycoprotein isolated from guinea pig tra-
cheal cartilage, Muir (28) has shown that pa-
pain attacks the protein moiety of the glyco-
protein.
Fic. 12. Normal desmosome. All elements of the
desmosome are colinear. Tonofilaments (TF) ap-
pear to merge with the attachment plaques (AP).
Three thin dense lines occupy the central area of
the desmosome. The two outer ones are believed
to be the outer leaflets of the plasma membranes(0) and between them in the extracellular space
is the central dense disc (D). Approximately
80,410 X.
Fic. 13. 02% and 0.3% papain, fifteen and twenty miaute biopsies. A series of damaged
desmosomes showing loss of extracellular matrix and the central dense disc as well as
widening of the extracellular space. Fig. a and Fig. b show incomplete separation and
Fig. c shows complete separation. a. 52,780 X, b. 47,560 X, c. 26,100 V.
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FIG. 14. 0.2% papain, ten minute biopsy. A se-
ries of desmosomes which show a gradient of dam-
age. One desmosome (D1) is relatively intact and
others show evidence of separation (D2, D3). Some
desmosomes do not have corresponding attach-
ment plaques on the opposite cell (D4, D5). Ap-
proximately 35,000 X.
Miller and Stoughton (21) have reported
that papain, injected intraeutaneously into hu-
man volunteers can induce early dermal-epi-
dermal separation which is followed by aean-
tholysis. We observed similar responses to
intracutaneously injected papain in the guinea
pig, noting junctional reaction by one minute
after injection. After prolonged exposure to
papain, the architecture of the dermal-epi-
dermal junction was severely disrupted and
the epidermal cells were attacked by the en-
zyme leading to aeantholysis and extensive cell
damage.
The different patterns of junctional separa-
tion may be a reflection of differences in en-
zyme concentration as the papain diffused out
from its initial depot. In higher concentra-
tions the enzyme was capable of damaging the
basal cells directly. Separation in the plane of
the intermembrane "space" suggested the ac-
tion of a lower concentration of papain insuf-
ficient to cause damage to cells of the basal layer
but sufficient to alter the coherence between the
basal cell and the baseracnt membrane. This
pattern of junctional separation resembles that
seen in epidermolysis bullosa hereditaria letalis
as well as that observed in blisters caused by
liquid nitrogen (6). In even lower concentra-
tions papain apparently acted initially just
below the basement membrane causing the dis-
solution of the fine dermal filaments which nor-
mally insert into the basement membrane. This
pattern is morphologically similar to that seen
in the early junctional separation of epider-
molysis bullosa dystrophica (6).
In the basal layers, a gradient of cell damage
was frequently observed in which the cell re-
gions closest to the initial depot of papain
were most damaged suggesting a direct action
of the enzyme against the cells. Focal cytoplas-
mic degradation (29) was conspicuously in-
frequent in the papain damaged epidermal
cells. The frequent appearance of melanocytes
free in the blister cavity presumably reflects
an intercellular attachment system which is
less secure than that possessed by the keratino-
cytes with their highly developed desmosome
system. Dense material associated with cell
damage caused by high concentrations of the
enzyme may represent remnants of degraded
tonofilaments or, alternatively, may be the
remains of some unknown degradation product
which was absorbed on tonofilaments and the
basement membrane.
The ultrastructural features of dcrmal-
epidermal separation caused by papain oc-
curred in such a variety of patterns that
precise correlation with disease entities is
difficult. Of note, however, is that the same
agent, papain, can cause different patterns of
junctional response simulating in many re-
spects the pathology of two forms of epi-
dermolysis bullosa. In both diseases local
degradativc enzymatic action has been promi-
nently considered in hypotheses of the patho-
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Fie. 15. 02% papain, fifteen minute biopsy. Area of severe cytolysis with cellular ele-
ments free in the blister cavity. Note the keratohyalme granule (K). One cell shows areas
of extreme damage (arrow 1) as well as areas of less damage (arrow 2). Spaces (S) within
the chromatin reticulum suggest nuclear damage. Approximately 6750 X.
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Fio. 16. 2.0% papairi, ten minute biopsy. Region of extensive cell damage. One cell(Ci) is relatively intact and other cells (C2, C2) show zones devoid of cytoplasmic contents.
Note dense material (DM) scattered within a finely granular matrix (M). Approximately
8250 ><.
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genie mechanisms of these entities (2, 6). The
observations reported here would appear to
lend encouragement to work designed to test
these hypotheses.
Papain-induced acantholysis differs from
that described in both naturally occurring
diseases and experimentally produced blisters.
Wilgram et at. (1, 4, 9) and Cawlfield and
Wilgram (5) have suggested that the ultra-
structural events accompanying acantholysis in
some diseases are retraction of tonofilaments
away from the desmosome followed by a loss
of the desmosome. Pearson (7) comparing the
acantholytic pattern of pemphigus vulgaris
with that induced by mild thermal injury ob-
served that in both situations separation of
cells usually was accompanied by morpholog-
ical alterations in the plasma membranes of
the epidermal cells and usually preceded de-
tectable desmosome damage.
Fluorescent antibody studies by several
workers have revealed that sera from patients
with pemphigus vulgaris deposits between the
cells of stratified squamous epithelium (30,
31) and within the cytoplasm of epidermal
cells (32). The presence of a serum factor in
the intercellular spaces of stratified squamous
epithelium would be consistent with Pearson's
view (7) that the primary event of acan-
tholysis in pemphigus vulgaris involves cell
membrane damage, if it can be demonstrated
that the factor participates in inducing
membrane damage.
In acantholysis produced by papain, how-
ever, actual desmosome injury was frequently
observed to precede epidermal cell separation.
The primary site of action of the enzyme ap-
peared to be the extracellular matrix of the
desmosome. Kelly (20) has shown that ruthe-
nium red, which is believed to bind to pro-
tein-polysaccharide complexes, selectively stains
the intercellular zone of the desmosome.
Papain then, possibly by degrading this
protein-polysaccharide matrix, leads to the
symmetric splitting of the desmosome without
prior retraction of the tonofilaments. Separa-
tion of junctional complexes (of which the
desmosome is a member) has also been ob-
served in toad urinary bladder incubated in cal-
cium-free media (33) and in developing duodenal
epithelium in the chick subjected to calcium
depletion or incubated with trypsin (34).
We have also observed dcsmosomc separation
in guinea pig skin incubated with trypsin.
The coherence of the dcsmosomc thus seems to
depend on, in part, an extracellular protein-
polysaccharide matrix which can be degraded
by certain proteolytic enzymes, as well as the
calcium ion which plays a still unknown role.
Preliminary observations indicate that dcsmo-
somal damage similar to that produced by pa-
pain is present in the active lesions of toxic epi-
dermal nccrolysis (35), but further investigation
is necessary to determine if this is the major pat-
tern of acantholysis in the disease.
SUMMARY
The effects of papain intracutaneously in-
jected into guinea pigs has been studied with
both light and electron microscopy. Papain is
capable of directly causing dermal-cpidcrmal
separation and acantholysis when injected
intracutancously. Junctional response, seen
after a brief exposure to the enzyme, oc-
curred in two principal patterns: in one,
separation occurred in the intcrmembranc
"space," and in the other pattern, separation
occurred beneath the basement membrane.
Acantholysis was seen after longer exposure
to papain and was principally due to the
symmetric cleavage of the desmosome caused
presumably by the degradativc effect of the
enzyme on the protcin-polysaccharide matrix
which joins together the various elements of
the desmosome.
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